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We investigate the exclusive rare baryonic A, — A€t~ decay in a family non-universal Z’
model, which is one of the natural extensions of the Standard Model. Using transition form
factors, calculated in the framework of light-cone QCD sum rules, we analyze the effects of polar-
ized and unpolarized CP-violation asymmetries on the above-mentioned semileptonic decays of
the A, baryon. Our results indicate that the values of unpolarized and polarized CP-violation
asymmetries are considerable in both the A, — Autu~ and A, — Attt~ channels, and
hence they give a clear indication of new physics arising from the neutral Z’ gauge boson. It
is hoped that the measurements of these CP-violating asymmetries will not only help us to find
hints of new physics, but also provide a tool to determine the precise values of the parameters of
the Z’ gauge boson.

Subject Index B51, B52, B56, B57

1. Introduction

Despite the discovery of the last missing chunk of the Standard Model (SM), the Higgs boson, and its
phenomenological success, there are hints that paths to new physics (NP) are open. The flavor sector
is one of the key areas that occurs in these paths. The joint efforts at hadron colliders and B factories
have provided us with data of unprecedented precision in this sector; these data are not sensitive
to small effects in theoretical calculations that are essential in comparison with the experimental
measurements, and will enable us to see if there are any hints of NP.

There are two approaches that are mainly considered to investigate physics beyond the Standard
Model. The first approach is the direct search for new particles, i.e. where the particles corresponding
to different NP models are produced: the most attractive in this class are different supersymmetric
models, where the energy of the colliders is raised. The second approach is the indirect search, i.e.,
to increase the experimental precision on the data of different SM processes where NP effects can
manifest themselves. The focus of the two major detectors, ATLAS and CMS, at the Large Hadron
Collider (LHC) at CERN is to detect the possible new particles produced at sufficiently large energy.
However, in indirect searches, flavor physics plays an important role in investigating physics in and

© The Author(s) 2015. Published by Oxford University Press on behalf of the Physical Society of Japan.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Funded by SCOAP?



PTEP 2015, 033B04 M.A. Paracha et al.

beyond the SM, and the experiments that represent the precision frontier are LHCb at LHC and
Belle II at Super-KEKB. It is possible that other planned super-B factories will join this arena in the
future.

In the precision approach, the processes that are suitable to investigate physics in and beyond the
SM are rare decays, particularly the decays that are described by b — s(d) transitions. The attractive
features of such decays are that they are not allowed at tree level in the SM and occur only at loop
level [1]. Therefore, these decays serve as excellent candidates to chalk out the status of new physics
beyond the SM. In the mesonic sector, rare decays of B mesons have been widely studied both
theoretically and experimentally in detail [2—-5].

It is well known that the predictions of the SM results are in good agreement with the current
experimental data; however, there are still some unanswered questions in this elegant model, e.g., CP
violation, the hierarchy puzzle, neutrino oscillations, to name a few. To answer these questions, a large
number of NP models, such as extra-dimension models, different versions of supersymmetric models,
etc., exist in the literature; extensive studies on the exclusive semileptonic decays of B mesons and
baryonic Aj have also already been done on these models [6—16].

In grand unified theories such as SU(5) or string-inspired E¢ models [17-21], one of the most
relevant is the Z’ scenarios, which include the family non-universal Z’ [22,23] and leptophobic
Z' models [24,25]. Experimental searches for an extra Z’ boson is an important task of the
Tevatron [26] and LHC [27,28] experiments. On the other hand, obtaining the constraints on the
Z' gauge boson couplings through low-energy processes is crucial and complementary to direct
searches Z' — eTe™ at Tevatron [29]. The most interesting thing about the family non-universal
Z' model is the new CP-violating phase, which has large effects on various flavor-changing neutral-
current (FCNC) processes [23,30,31], such as By — B mixing [32—47] and rare hadronic B meson
decays [48-67].

In the baryonic sector, exclusive A, — ALT¢~ (€ = u, t) decays at quark level are described
by a b — s€T¢~ transition. The main difference between these and other mesonic decays is that
they can give information about the helicity structure of the effective Hamiltonian for the FCNC
b — s process in the SM and beyond [68]. On the experimental side, the first observation of rare
baryonic A, — AuT ™ decay has been made by the CDF Collaboration [69], and recently this
decay has also been studied by the LHCb Collaboration [70]. These experimental investigations pro-
vide a strong motivation to perform analyses of different physical observables such as branching ratio,
forward—backward asymmetry, single and double lepton polarization asymmetries, and CP-violation
asymmetry in these decay modes. It is to be hoped that such studies are useful to distinguish various
extensions of the SM.

In the present work, we analyze the effects of polarized and unpolarized CP-violation asymmetries
on A, — ALT¢~ decay in the family non-universal Z’ model [23]. It is important to emphasize
here that the matrix elements for » — s transitions are proportional to three quark-coupling matrix
elements usually called Cabibbo—Kobayashi-Maskawa (CKM) matrix elements, V;;, V%, Ve, Vi, and
Vub V). However, due to the unitarity condition, and neglecting the matrix elements V,,;, V", in com-
parison with V;;, V% and V., VX, the CP asymmetry is highly suppressed in the SM for the decays
probed through FCNC transitions. Therefore, the measurements of CP-violating asymmetries in
b — s decays play an important role in finding the imprints of the Z" model.

The structure of the paper is as follows. In Sect. 2, we develop a theoretical toolbox in which
we present the effective Hamiltonian for the decay b — s£7¢~. In the same section, we present
the transition matrix element for the A, — A€ ¢~ decay, and the expressions for unpolarized and
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polarized CP violation for the said decay in the family non-universal Z’ model. In Sect. 3, we discuss
the numerical results of the above-mentioned physical observables. Concluding remarks are also
presented in the same section.

2. Theoretical toolbox

At quark level, the decay A, — ALTL™ (£ = u, ) is governed by the transition b — s€1£~; the
effective Hamiltonian for such decays at the O (mp) scale can be written as

4G

2

Hepy = — W,’;ZC () 0i (), (1)

where Gr is the Fermi coupling constant and V;; are the matrix elements of the CKM matrix. In
Eq. (1), O;(w) are the local quark operators and C;(u) are the corresponding Wilson coefficients
at energy scale u. The explicit expressions for the Wilson coefficients at next-to-leading logarithm
order and next-to-next leading logarithm are given in Refs. [71-80]. The operators responsible for
such decays are O7, Og, and Ojg, which are summarized as [12]:

2
e _

07 = me(sa,wa)F’“ )
62

09 = Ten? (syMLb)Zy“Z 3)
e? 5

O = T6x? (syMLb)Ey L.

In terms of the effective Hamiltonian given in Eq. (1), the quark level amplitude for the said decay
in the SM can be written as

Gfro
V2
_ 2mbceff (Eiowq—sz) <£7y“£>} , “4)
q

MM(p — sete7) = Vip Vi {Ceff(syMLb) (Cy"e) + CN(5yuLb) (EyHyse)

where ¢? is the square of the momentum transfer and « is the fine structure constant. Also, in operator
07 the mass of the strange quark (m;) is ignored compared to mp,.

A family non-universal Z’ boson could be derived naturally in many extensions of the SM; the
most economical way to get it is to include an additional U’(1) gauge symmetry. This model has
been formulated in detail by Langacker and Pliimacher [23]. In a family non-universal Z" model,
the FCNC transitions b — s€1¢~ could be induced at tree level because of the non-diagonal chiral-
coupling matrix. Assuming that the couplings of right-handed quark flavors with the Z’ boson are
diagonal and ignoring Z—Z' mixing, the effective Hamiltonian corresponding to the Z’ part for the
b — s€1¢~ transition can be written as [81-89]

, ~\_ 2Gr S - B, SR~ _
Hesz(b — stte ) /2 Vi Vi |:VrhV{f( b)V—A (M)V—A + ij—v?:(Sb)V—A (EE)V+A:| )
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Here, S sz and S ,, represent the couplings of the Z’ boson with the left- and right-handed leptons,
respectively, By, = |Byple ™' corresponds to the off-diagonal left-handed coupling of quarks with
the new Z’ boson, and ¢y, corresponds to a new weak phase.

In a more compact form, Eq. (5) becomes

! G ! !
HE (b — s707) = == 2V, Vit [ A0 CF 09 + A Cl 0n0). ©)
ﬁ
where
dor e~ s
Ngp = ————— (7
U apm Vi Vi
c? = 1BylSrr;  CH = 1BwlDrr, ®)
and

SLL = Sng + SgRg:
Dy =Sk —SE. 9)

The most economical feature of the family non-universal Z’ model is that operator basis remains the
same as in the SM and the only modification occurs in the Wilson coefficients Cy and Cg, while the
Wilson coefficient C?ff remains unchanged.

The total amplitude for the decay A, — A£T £~ is the sum of the SM and Z’ contributions, i.e.,

G _
MO (Ap > ALTET) = 2\/%“ VinV; [(A(k)\sm(l — y5)b|Ap(p)){C5™ (Ev"0)
+ C Ty )} — ZL2CSM(A M) [Fioung” (1 +v7)b| As(p ))Eyw],
(10)

where C* = CS 4+ A, CZ and CI = CM + A4, C7.
The matrix elements for the decay A, — A£1£~ can be straightforwardly parameterized in terms
of the form factors as follows [90]:

(A5, (1 = v5)b A6 (P) = liai | £ (77 + 00" 12(a%) + 0" £3(a%) = Vurser (4?)
— 109" 582(4%) = 4" v583(4*) [, . (1)
(AG[sic™q" (1 4 5)b| An(p) = iaco | A (@) +i0ia" £ (47) + 4" £ (@)

+ vuvsel (a®) + i0ua"vseh (%) + " vs8] (4) |uanio:
(12)
where f;, g; and fiT, gl.T are the transition form factors for the decay A, — A.

By using the matrix elements that are parameterized in terms of transition form factors (c.f. Egs.
(11) and (12)), the decay amplitude for A, — A£€1£~ decay can be written as

MY (Ap - ALTET) =
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. . 1 2 .
The hadronic functions 7, and 7;; are given by

(¢%)vu +iB(q*)oq" + C(q%)qu — D(¢*)vuys — i E(¢%)ouwa"y> — F(¢*)quy’ (14)

A
12 =G(q*)vu +iH(q*)owa" + 1(a)an — (@) vuys — iK(q*)ouwa"y’ — L(g%)quy’.
(15)

The auxiliary functions from A(g?) to L(g?) given in Eqgs. (14) and (15) contains both short- and
long-distance effects, which are encapsulated in terms of Wilson coefficients and form factors. The
explicit form of these functions can be written as follows:

2myp

A( ) totfl( ) q_Cefffl (q2)

2myp

B( ) Ctot (2) q_cefffZ( )

2

C( ) Ctot ( 2)_?Cefff3 ( )
2

D(¢*) = Caila?) = 3¢5l (0?)
2

E(¢%) = C¥'g2(q?) — %csffg% (%) (16)
2m

F(q?) = C¥'g3(q?) — qsz$ff 7%

G(q*) = C% fi(q?)

H(q?) = C\3 f2(q7)

1(¢*) = C{% f3(q?)

J(g*) = Ci%81(q?)

K (q%) = Ci382(4%)

L(q%) = Ciyg3(4?).

The matrix element for the decay A, — A€T¢~ given in Eq. (13) is useful to calculate the physical
observables. The formula for the double differential decay rate can be written as

d’T(Ap — ALTLT) 1 28V ap

= 17
dcosfds 2M3 (87r)3 (17

where B=4/1— ﬁ and A=A(Mn,, Mp,s) =My + My +5?—2M3 My —2sM3 —2sM3.
Also, s is the square of the momentum transfer g and 6 is the angle between the lepton and final-state
baryon in the rest frame of A . By using the expression of amplitude given in Eq. (13) and integration
over cos 0, one can get the expression of the dilepton invariant mass spectrum as

dr(Ap — ALTET)  GRadyBA I
ds T ool3g SM?\b |Vfths} My, (18)
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with

4m%)\
M = 3A1 + g

+3s(A1I1BI* 4+ A2lEP) + (12m3 Az + a(s — 4m?)) (IBI* + |EI?) + 3(A11G1* + Al )

- x)) (IA1* + |DJ?) + 12m3 (A|A]* + w|DJ?)

W | oo

2

4ms A\
%) (1GPR+17P)

— 12m3(AIGP — w|J?) — 48m3Mp,MA (1G> — |J1?) — (k -

+ (s —4m3)(|HI*(3A1 + 1) + K [P 3A2 + x))) + 32mis(wlI1* + AILJ?)
— 16A(Mp, + Mp) (s +2m7) (AB* + BA*) — 16w(s — 4m7) (Ma, — Mp) (JK* + K J*)

— 32miA(Mp, + MA)(JL* + LJ*) 4+ 16w(s + 2mg)(Ma, — Mp)(DE* + ED*)} :

(19)

where

A=(My—My,)" —s

o= (Mp+Mp,)" —s

wr = (M + MA,,)2 + s

wy = (M — MA,,)2 +s

w3 = (M}, — M} +6Ma,Mp —5)

wy = (M}, — Mj —6Ma,Mp —5)

A1 = (M3 = M2, )7 — s (40, M )

D= (M3 = M2, )7+ 5 (40, M )

As = (MX, — M3)? = 5(My, — M)

Ay = (M%, — M2)? +5(Ma, — My

Following the recipe given in Ref. [12], one can define the CP-violation asymmetry for the
polarized and unpolarized leptons in A, — ALT£~ decay as

dr(s-) ar(s)

S:I: — :t — ds ds 20
Ace( <) ar(s) | ar(st)’ (20)
ds + ds
where
dr(S™) dT(Ap— ALTE(S7))
ds - ds
dr(S*)  dU(Ap — ALTL(ST))
ds ds '
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An analogous expression for the CP-conjugated differential decay width is given in Ref. [12]. The
expression for CP-violation asymmetry can be obtained by using Egs. (18) and (19) as

e2y)

.ACP(Si:eii):%|:M1—/\/l1 :i:Ml _M1i|’

M+ My M+ M,
where i represents the longitudinal (L), normal (), and transverse (7) polarization of the final-state

leptons.
Also, one can write the polarized and unpolarized CP asymmetries as

M| — M, ./\/lll—./\;lll

iy il Skddi'y (22)
M, + M, M+ M

Acp(s) = Abp(s) =

The normalized CP-violation asymmetry can be defined by using the above definition as follows:
Ace(8* = ¢f) = 4 [ Acp(s) % Agp(s)] 23)

In Eq. (23) the positive sign represents the longitudinal (L) and normal (/) polarizations, and the
negative sign is for the transverse (7') polarization.
Finally, the results for unpolarized Acp and polarized AiCP are [12]

—2Zm(Asp) Q(s)

_ , 24
A = () Q6) .
; —2Im(Agp) Q' (s)
i = . 2
Here
16 */ */ */
06) = 5 {HTm(€2¢§") = o (CocF ) + 1aTm 10y )} (26)

and the explicit form of the functions 1, H, and H3 can be written as

Hy = {As(s — 4m?)(DyD5 — D1oD3) — 65A(Ma, + M) (s + 2m3) (D4D] + D2D5)

+650(Ma, — Ma)(s +2m3) (D1} — DyD)

+ 3s(s + 4m3) (A1 + A3)DaDs — (A2 + Ag)D1oD5)

+ 35(& (@1 +4m})DyD} + (w2 + 4m)DyD5) — i(s —4m)(D2D} +DsD) ) 27)
Ha = {35(A (1 + 4md) DI + (s + 4m3)| D) + As (s — 4m?) (1D + Do )

— 65A(Ma, + Mp) (s +2m3)(D1D% + D3D}) + 3s(s + 4m3) (A1]D3[* + A4l Dol?)

— 6s(Ma, — My) (s +2m3) (D7D + DoD3) | (28)
Ha = {as(s = 4m) (ID112 + D7) + 350 |D1 P + 32/ )

+65A(Mp, + Mp)(s — 4m3) (D1 D§ + D3D5)
+ 12smiA(Ma, + Ma) (D7D}, + D1iD3) — 3s(s — 4m7) (A1|D31* + Az|Dol?)
— 125%m}(w|Ds|* + A|Dy1|?) — As(s — 4m3) (ID31* + |Dol?)

— 6sw(Mp, — Mp)(s — 4m3) (DoD% + D7D} + 2s0mi (M, — MA)DID;k} .9
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The expressions for polarized CP-violation asymmetry for different possible lepton polarizations are
given below.

2.1. Longitudinal CP-violation asymmetry

The CP-violation asymmetry corresponding to longitudinal lepton polarization can be written as

—2Tm(Asp) QF (s)

AP = T (8) 0 )’ (30)
with
ol = 2 {%(HILIm (cr¢8”) = hzm(cocd™) + Hszm(Crocty))
+ %(Hﬁzm(cmﬁf’) - ngm(cgcm*/))}, 31)

where ’HIL =H,, H% = H,, and ’H3L = H3. Also, M is defined in Eq. (19) and the terms Hﬁ and
HSL are given as follows:

Hi =4/ — 4m%{3s(A1(D4D’3") — Az(Dl()D;)) + )»S(’D4'D§< — D]()D;) — 6SA(MAb + MA)

(D2D + DyD) — 650(Ma, — M1 )(DsD5 + D1oD5) + (352 - 2) (DD} + DyD3)|
(32)

HE = /s — 4m? {((3A1 — M) Di1* = (32 + 1) [D71* — 65A(Ma, + Ma)(D1D} + D3D})
+ 650(Ma, — Ma)(D1D; + DyD3) + 5((381 + 2)IDs + (382 + 2)DsP) | (33)

2.2.  Normal CP-violation asymmetry

In the case of the normally polarized lepton, the corresponding normal CP violation can be expres-
sed as

—2Zm(Ayp) QN (s)
Acr(®) = My + ZIm(Sj\sh)QsN(s)’ .
where
o - (S tam{sct”) - rin{c”) tan(ency)
ek ) mencs) m(ock)| o
and

HY =30V ames®?((Ma, — Ma)(D10D} — D2D§) — (DsD; — D, D))
43 Tmes™ (M3, — M3)(D4D§ — DioDS) + (Ma, + M) (DsD5 + DsD3)
+65A(s + 2m3) (Ma, + Ma)(D2D} — D4D}) + rs(s — 4m7) (DsD} — D1oD§ — D> D})
+3s(s +4m7) ((A1 + A3)D4D} — (A2 + As)D1oD3) — A(s — 4m7) D D5
+ 6ws (s +2m3) (Ma, — Ma)(DsD§ — D1oD7)
+35(A(w1 + 4m7)DaDi + o(w) + 4m3)DsD3) (36)
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HY = {37/Ames?2((Ma, + Ma) (DyD + DsDj) = (Ma, — Ma) (D1 - DoD}))
— 37V amys?? (D1 D5 + D7D}) — 65 A(s + 2m7) (Ma, + M4 ) (DD} + D3D})
— x(s — 4m3)(ID11* + |D71?) + 6ws (s + 2m?)(Ma, — Ma)(D7D§ + DoD3)
+ 35 (A (w1 +4m7) D1 + (w2 + 4m7) | D11°) + 3s(s + 4m7) (A1 + A3) D3

+ (B2 + Ag) Dol + hs(s — 4m3) (1D + IDol?) + 37/ames¥2 (M3, — M3)D3D5 )

(37
HY = me{s*(DsD} + DoD}y) = (M3, = MR)(1D12 + 1D1%) = 5 (D1 D5 + Dy DY)
+5((Ma, — MA)D3D] — (M, + M) DoD5) | (38)
HY = me{s(Mn, + My) (DsD} + DyD5) +5(Ma, — My) (D11 Dj + DsD})
— (M3, = M3) (1D + ID1?) + 5*(D1 D; + DsD3) | (39)
HY = mefs(Ma, — Ma)(DsD}; — DaDY) + s*(DaD; = DyoD})
+ (M, + Ma)(P1oD; - D2D3) — (M3, = M3)(D2D; +DsDj) |, (40)
2.3.  Transverse CP-violation asymmetry
The transverse CP-violation asymmetry can be written as
AL (5) = —2Zm(Awp) Q7 (s) "

My +2Zm(Agp) QT (s)

with

o (s) = [%(H{Im (¢1687) = 1L Tm(CoCF")) + 4 [4(s — 4m?) (HIRe(CoC)
+H! Re(ClngZ*/) — HIRe (acﬁj‘/))

+ %(HgAZm (Cl()ClZO*/> + HgBRE (Cloclz()*,>> } ) (42)

where HIT = HlL, HZT = H3L, H6TA = (Hgl +ng +H6T3>, and H({B = <H6T4 + H6TS>.
The different terms given in the above equation can be expressed as:

HY = me{ (M, + Mp) (DD} + DyD3) + (M3, — M3)(D3Dj + DyD3)

+5(DsD§ — DyD3) | 43)
HY = me|(Ma, — M) (D1D5 + DyD}) — (M3, — M3) (D3D; — DyD3)

+5(DsD§ — DyDy) — (Ma, + M) (DsD; + DyD3)| (44)
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HE = me| (Ma, + Ma) (D4D; + DyD3) + (M3, — M3 +5) (D4D5 — D1oD3)

+ (Ma, — M)(D1oD} — DZD]“)} (45)
HE' = {(65% — 2457m} — 245 M, My + 257 As) (D312 + [Dol?) + 245> m (IDs* + D11 )

+ 1257 ((Ma, — MA)DoDs — (Mp, + Ma)D3D}) + 48miMa, Ma (D3> — |Do?)

+ 12m3 ((Ma, + Ma) (2D3D} + D11 D5) + (Ma, — Ma)(2DoD; — DsD}))

+ 12m3(Mp, (Mn, + MA)|Ds|* — (Ma, — MA)ZIDulz)

+6(M3, = M3)((Ma, + Ma)DoD; — (Ma, — MA)DsD})| (46)
e = smis{3(M3, — M) (M3, — MR)(1D32 + 1Do]?) + (Ma, + Ma) (DD} — 2DyD5)

+ (Ma, — Ma)(2D5D} = DuD3)) + A(ID32 + Do)} )
HI = {(2sx — 8m22) (D11 + |D71%) + (24sm2 — 65)(A1|D1 2 — AgDeP?)

+ 24sm7 (04| D1 1> + w3|D7[?) + 125(s — 4m3)(A(Ma, + Ma)D1 D}

— &(My, — Mp)D1D5) + 24sm3(A(Ma, + Ma)DyD}y + o(Ma, — Ma)DiD3)}

(43)

HE' = 3mems® [1(s — 4mD{(ID312 + [Do]?) — (DsD% + DsD3) + (DyD}y — DuD5)}  (49)

HE® = 3memsyfa(s — 4m2) | (M, + My)(D3D} + DD — DyD5)

+ (Ma, = Ma) (D7D}, = DuD;) — (M3, — MR)(ID312 + D) — (11 +1D52)}.
(50)

2mp T 2mp T
where Dy 35 = fi,2,3, D26 = 2 fi o3 and D791 = g1,2,3, Ds 10,12 = =281 2.3

3. Numerical analysis

In this section we will discuss numerically the unpolarized and polarized CP-violation asymmetries
for Ap, — ALTL™, with £ = u, 7, decays. In order to see the imprints of the family non-universal
Z' gauge boson on the above-mentioned physical observables, first we summarize the numerical
values of various input parameters used in the calculations, such as masses of particles, lifetime,
quark-coupling CKM matrix etc., in Table 1, while the values of the Wilson coefficients are presented
in Table 2. The most important input parameters in hadronic decays are the form factors that are non-
perturbative quantities. In order to calculate these non-perturbative quantities, one has to rely on some
model and, in the present case, we will use the form factors calculated using the light-cone QCD sum
rules approach [90]. The parameterization of the form factors fi 23, g1.2.3, fZT,3, and g£ 5 18 given by

. a n b
L= g%/ mg, (1 —~ qZ/mﬁt)

fi(@®)[i(4?)] - (51)
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Table 1. Default values of input parameters used in
the calculations.

Parameter Value

May, 5.620 GeV

mp 4.28 GeV

my 0.13GeV

my, 0.105 GeV

mq 1.77 GeV

[Vip V| 45 x 1073

a~! 137

Gr 1.17 x 107> GeV~?
A, 1.383 x 10712
My 1.115GeV

Table 2. The Wilson coefficients C!" at the scale u ~ m;, in the SM [6].
Ci Gy C; Cy Cs Cs C; Cy Cio
1.107 —-0.248 —-0.011 —-0.026 —0.007 —0.031 —0.313 4344 —4.669

Table 3. Fit parameters for the A, — A{~ £~ transition form factors in full
theory. Here only the central value is given [90].

a b mﬁt
fi —0.046 0.368 39.10
f 0.0046 —0.017 26.37
f3 0.006 —0.021 22.99
g1 —0.220 0.538 48.70
2 0.005 —0.018 26.93
g3 0.035 —0.050 24.26
2T —0.131 0.426 45.70
3T —0.046 0.102 28.31
ng —0.369 0.664 59.37
2T —0.026 —0.075 23.73

Table 4. Fit parameters for the A, — A€~ ¢ transition form factors in full theory for f; and
g7 Here only the central value is given [90].

¢ e iz
i —1.191 23.81 59.96
I —0.653 24.15 48.52
while the form factors flT and ng are of the form
el ] = + (52)

The numerical values of the light-cone QCD sum rule form factors along with the different fitting
parameters [90] are summarized in Tables 3 and 4.

Now the next step is to collect the values of the Z’ couplings and, in this regard, there are some
severe constraints from different inclusive and exclusive B decays [32]. These numerical values for
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Table 5. The numerical values of the Z’ parameters [32,38-44,91,101].

|Bsp| x 1073 ésp (in degrees) Sy x 1072 Dy x 1072
S1 1.09 +0.22 —-72+7 —-2.8+39 —6.7+£2.6
S2 2.20+0.15 —82+4 —-12+14 —-25+09
S3 40+1.5 150 £ 10 or (—150 £ 10) 0.8 —2.6
(@) o.03f ]
0.02} ° :
, . ]
': 0.01p — ° ]
3 o.00f :
) [ ]
Q
S _o.01f .
/;. r 1
< _0.02f ]
\'% [ ]
-0.03f ]
-o.o4f— :
_\8 _\6 L _\4 _\2
.DLLX].O_Z
(b)
0.02+ ° g
— 8
R [}
T 0.00f .
%)
+I-|
<
T -0.02f 1
NJ
o
< -0.04f 1
A\
-0.06F g
-0.08k% L L L L I L L L I A A A I |
-8 -6 -4 -2
Dy x1072

Fig. 1. Unpolarized CP-violation asymmetry Acp as a function of Dy for A, — Autu~ (1 7) for scenarios
S1, 82, and 83. The red, blue, gray, and yellow bands correspond to S1. The green, orange, pink, and purple
bands correspond to S2. The dots of different colors correspond to S3. The band in each case depicts the
variations of ¢y, in the respective scenario.

the coupling parameters of the Z’ model are collected in Table 5, where S1 and S2 correspond to
two different fitting values for B,—B mixing data from the UTfit Collaboration [38—44].

Motivated by the latest results on the CP-violating phase ¢ _% and the like-sign dimuon charge asym-
metry Ag 1, of the semileptonic decays given in Refs. [92-96], a detailed study has been performed by
Lietal. [91]. The main emphasis of the study is to check if a simultaneous explanation for all mixing
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Fig. 2. Unpolarized CP-violation asymmetry Acp as a function of Sy ; for A, — Autu™ (1 7) for scenarios
S1, 82, and S3. The color and band description is the same as in Fig. 1.

observables, especially the like-sign dimuon asymmetry Ag 1.» could be found for the Z" model. It
has been found that it is not possible to accommodate all the data simultaneously and the new con-
straints on the CP-violating phase ¢s and |Byp| are obtained from A Mg, ¢g, AT's data. In addition,
the constraints on SZLZ and Sﬁ are obtained from the analysis of B — X,u™u=[97], B — K*utu~
[98,99],and B — ™ [100]. In this paper, this is called scenario S3. The corresponding numerical
values are chosen from Refs. [97,101] and are summarized in Table 5.

It has already been mentioned that By, = |Byp|e %% is the off-diagonal left-handed coupling of
the Z’ boson with quarks and ¢y, corresponds to a new weak phase, whereas S;; and Dy ; represent
the combination of left- and right-handed couplings of Z’ with the leptons (c.f. Eq. (8)). In addition
to this weak phase, there is also an SM strong phase that has already been incorporated into the
Wilson coefficient Co. In order to fully scan the three scenarios, let us make a remark that using
Dy 1 # 0 depicts the situation when the new physics comes only from the modification in the Wilson
coefficient C1g, while the opposite case, S;.; # 0, indicates that the new physics is due to the change
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Fig. 3. Longitudinally polarized CP-violation asymmetry A& as a function of Dy, for A, — Autp=(t777)
for scenarios S1, $2, and S3. The color and band description is the same as in Fig. 1.

in the Wilson coefficient Cq (see Eq. (8)). In Figs. 1 to 8 the average CP-violating asymmetries, after
integration on s, as a function of Sy and Dy are depicted. The different color codes along with
the values of the Z’ parameters in scenarios S1 and S2 are summarized in Table 6. However, for
scenario S3, the values of the Z’ parameters with different color codes are given in Eq. (53) below:

¢sp = —140°, magenta dot

|Bop| =3 x 1073
¢sp = —160°, pink dot

[By| =5 x 1073 | o0 = 71907 greendor (53)
’ . ¢sp = —160°, red dot ‘

Unpolarized CP-violation asymmetry:

e Figures 1 and 2 represent the unpolarized CP-violation asymmetries for the decay
Ap — ApTpu~(rTt7) as a function of D7y and Sy, respectively. In SM the CP-violation
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Fig. 4. Longitudinal polarized CP-violation asymmetry A%, as a function of Sy, for A, > Aptp=(t717)
for scenarios S1, 52, and S3. The color and band description is the same as in Fig. 1.

asymmetry is zero, hence a non-zero value will give us a clue to physics beyond the Standard
Model, which is commonly known as New Physics (NP). It is evident from Eq. (24) that Acp is
proportional to the Z’ parameters that come through the imaginary part of the Wilson coefficients
as well as to the weak phase ¢y, which is concealed in Ay, (c.f. Eq. (7)). Therefore, dependence
on the new weak phase ¢y, is expected, and this is evident from Figs. 1 and 2, where the band
in each case depicts the variations of the phase ¢y, in the respective scenarios. In Fig. 1, Acp
is plotted with Dy by changing the values of Sy, ¢sp, and Bgp. In the case of w as final-
state leptons, the value of Acp is positive in both scenarios S1 and S2 but for positive values
of Sy 1. However, the value of Acp reaches around —0.045 when D;; = —1.6 x 1072 and the
corresponding S = —6.7 x 1072, depicted by the lowest end (¢, = —65°) of the red band.
Similarly, for the case of t as final-state leptons, the value of Acp is positive in both scenarios
for positive values of Sy . However, the value of Acp is around —0.08 for Dy; = —1.6 x 1072
and S;; = —6.7 x 1072, shown by the bottom line of the red band.
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Fig. 5. Normal polarized CP-violation asymmetry Agp as a function of Dy; for A, — Autu~(xt7) for
scenarios S1, 82, and S3. The color and band description is the same as in Fig. 1.

e Figure 2 presents the behavior of Acp with Sz by varying the values of Dy, ¢sp, and By
in the range given in Table 5. It can be immediately noticed that, in the u case, the value is
small compared to the case when t are final-state leptons. In both cases, Acp is an increasing
function of Sy ;. In A, — At t~, the value of unpolarized CP asymmetry is around —0.1
when ;1 = —6.7 x 1072

The values of unpolarized CP-violation asymmetries in scenario S3 for A, — At~ and
Ap — At~ are shown by different color dots in Figs. 1(b) and 2(b). It can be noticed
that the value of unpolarized CP-violation asymmetry is positive maximum in this scenario
when ¢, = —140°, |Bgp| =5 x 1073; it is shown by the green dot in these figures. Irres-
pective of the negative or positive values of the new weak phase (¢sb), the value of CP
asymmetry remains positive for all values of By, which is an entirely distinctive feature com-
pared to the first two scenarios, where the CP asymmetries climb from negative to positive
values.
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Fig. 6. Normal polarized CP-violation asymmetry .Agp as a function of S;; for A, — ApuTpu~(r717) for
scenarios S1, §2, and S3. The color and band description is the same as in Fig. 1.

Longitudinal polarized CP-violation asymmetry:

e The longitudinal polarized CP-violation asymmetry .AéP is plotted in Figs. 3 and 4. From
Eq. (31) it can be noticed that QF is proportional to the imaginary part of the combination
of Wilson coefficients that involve C7, Co, and C;g in both the SM as well as the Z’ model. This
occurs even though the Wilson coefficient C7 does not get a contribution from Z’; the change in
the Wilson coefficients Cy and Cyo due to the parameters of the Z’ model will make Aép sensi-
tive to the change arising due to an extra neutral boson Z’. In Figs. 3(a) and (b), we have plotted
A(L:P vs Dy 1, by fixing the values of Sy 7 and other Z’ parameters in the range given in Table 5.
We can see that the value of AéP increases from 0.008 to 0.053 when p are the final-state leptons
and from 0.004 to 0.030 in the case of T as final-state leptons, which can be visualized from the
color bands that correspond to scenario S1 (S2). The situation when the longitudinal polarized
CP-violation asymmetry is plotted with Sz; by taking other parameters in the range given in
Table 5 is displayed in Fig. 4. Here we can see that it is an increasing function of Sy ;, where in
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Fig. 7. Transverse polarized CP-violation asymmetry Al as a function of Dy, for A, — ApTp=(z777)
for scenarios S1, §2, and §3. The color and band description is the same as in Fig. 1.

S1 and S2 the values increase from 0.01 (0.005) to 0.05 (0.025) when we have u () as final-
state leptons; this is clearly visible from the red (pink) band. It can also be seen in Figs. 3(a) and
4(a) that the value of the longitudinal polarized CP-violation asymmetry in scenario S3 is much
suppressed when we have u as final-state leptons. However, in the t case, the value of the lon-
gitudinal CP-violation asymmetry is around 0.030 when ¢, = —140° and |Byp| = 5 x 1073.
This is shown with the green dot in Figs. 3(b) and 4(b). It can be noticed that the value of lon-
gitudinal polarized CP-violation asymmetry in A, — Attt ™ is significantly different from
its value in S1 and S2. Hence, by measuring .Aép, one can not only segregate the NP coming
through the Z’ boson but can also distinguish the three scenarios.

Normal polarized CP-violation asymmetry:

e In contrast to Acp and Aép, the normal polarized CP-violation asymmetry (Aévp) is an order
of magnitude smaller in the u case compared to the case of 7 as final-state leptons. By looking
at Eq. (35), Agp comes from the function QV, which contains Hy, ..., Hs. In Egs. (36)—~(40)
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Fig. 8. Transverse polarized CP-violation asymmetry A% as a function of S, for Ay — ApTu~(z+77) for
scenarios S1, 82, and S3. The color and band description is the same as in Fig. 1.

it is clear that these asymmetries are proportional to the lepton mass and their suppression in
the muon case is obvious; Figs. 5(a) and 6(a) depict this fact. Coming to Figs. 5(b) and 6(b) we
can see that Agp is very sensitive to the parameters of Z’ both in S1 and S2. In Fig. 5(b), the
value of Agp decreases from 0.040 to 0.018 in the parameter range of Z’ in S1 and from 0.048
to 0.028 in S2. The situation remains the same as in Fig. 5 when Agp is plotted with Sz in
Figs. 6(a) and 6(b). It can also be noted that the average value of Agp increases from 0.020 to
0.045 in S1 and 0.035 to 0.05 in S2.

What turns out to be more interesting is the impact of parametric space on scenario S3 in
the case of w and final-state leptons. In this scenario, the value of the normal CP-violation
asymmetry in A, — Au*p” is an order of magnitude larger than the corresponding values
in S1 and S2. Here, the maximum value is 0.018 (the green dot) when ¢5, = —140° and
|Bsb| =5 x 1073 while, in the case of 7 as final-state leptons, the order of asymmetries remains
the same as in S1 and 52.
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Table 6. Color bands for Figs. 1-8 (Acp) and (AEP) vs S;7 and D;; for scenarios S1 and S2.
(Acp) and (Afp) vs Sp (Acp) and (Afp) vs Dy,

Color region Dsp |Bsp| x 1073 Dy x 1072 Sy x 1072
—79°

Blue 1.31 —4.1 1.1
—65°
—79°

Red 1.31 —9.3 —6.7
—65°
—79°

Yellow 0.87 —4.1 1.1
—65°
—79°

Gray 0.87 —-93 —6.7
—65°
—86°

Green 2.35 —1.6 0.2
—78°
—86°

Orange 2.35 —-34 —2.6
—78°
—86°

Pink 2.05 —-1.6 0.2
—78°
—86°

Purple 2.05 -34 2.6
—78°

Transverse polarized CP-violation asymmetry:

e Just like the normal polarized CP-violation asymmetry, the different terms in transverse polar-
ized CP-violation asymmetry A(Tlp are also m;-suppressed, which is visible from H appearing in
the function Q7 in Eq. (42). The graphs in Figs. 7(a) and 8(a) depict the fact that, in the presence
of NP coming through the Z’ boson, the maximum value of Agp is around 0.016 (shown by the
green band)in A, — Apu™ ™, while Figs. 7(b) and 8(b) show that, in the case of T as final-state
leptons, the value of Agp reaches up to 0.08 in a certain parametric space of the Z’ scenario S1.

By varying the Z’ parameters in the range given in Eq. (53), the trend of transverse
CP-violation asymmetry is shown by different colors of dots in Fig. 8. In the case of w as final-
state leptons, we can see that, for ¢5, = —140°, |Bgp| =5 x 1073, in scenario S3 the value
of transverse polarized CP-violation asymmetry is slightly higher than the first two scenarios
(shown by the green dot). However, in A, — Attt decay the effects coming through the
parametric space of S3 are smaller than that of the first two scenarios.

In short, we have analyzed the imprints of NP coming through the neutral Z’ boson on the unpolarized
and polarized CP-violation asymmetries in A, — A£T¢~ decays. In addition, motivated by the fact
that the CP-violation asymmetry is negligible in the SM, we have chosen this observable to explore
the effects of Z’ in A, — A€1€™ decays. It has been noticed that the values of unpolarized and
polarized CP-violation asymmetries are considerable in boththe A, — Autu~and Ap — At~
channels and hence this gives a clear message of NP arising from the neutral Z’ boson. Though the
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detection of lepton polarization effects in semileptonic decays is really a daunting task at experiments
such as ATLAS and CMS and at LHCb, these CP-violation asymmetries, which suffer less from

hadronic uncertainties, provide a useful probe to establish the NP coming through the Z’ model.
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